Introduction
Signal peptidases (SPases) play an essential role in the protein secretary pathway of prokaryotic organisms. [1] [2] [3] They catalyze the release of the signal peptide from the nature portion of a secreted protein, which facilitates protein translation across the membrane. [4] [5] [6] Since the above procedure is related with some infectious diseases, signal peptidases have been regarded as an attractive target for design of novel antibacterial compounds. 7 For this purpose, researchers have hypothesized that a compound may be developed into an anti-infective drug if it inhibits this enzyme. 8 Meanwhile, the ability to screen for and characterize inhibitors of signal peptidases would represent a significant advance for the discovery of antibacterial agents in the pharmaceutical industry. 9 In recent years, considerable progress has been made in the characterization and inhibition of the enzyme, including identification of active sites, [10] [11] [12] characterization of catalytic mechanisms, 13, 14 and improvement of substrates. 15, 16 In inhibition studies 9, 17 of signal peptidases, a routine analytical method, fluorescence polarization (FP) method, can be adopted to measure the reaction product. However, it has been reported that FP is generally not a good method for enzyme characterization except for those enzymes that have Km values below 10 μmol/L. 18 The FP signal increases with molecular weight, so the smaller peptide will have less FP signal. Thus, the kinetic parameters can not be accurately determined by FP method. As a separation-based method, application of HPLC method was also reported. 19 But the large sample consumption and troublesome treatment of organic reagents post-experiment are factors that should be considered.
CE is widely perceived as a fast, economical, and efficient separation technique; when used in combination with LIF, it also has high sensitivity. [20] [21] [22] [23] Our goal of this study is to present and evaluate a robust CE/LIF method for characterizing SPases and their interactions with potential inhibitors. The substrate of SPase used in this study was a synthesized fluorescence-labeled proprietary peptide (20 kDa) found in the literature. 16 After reacting with SPase, the substrate was cut into a smaller product peptide (2 kDa) with the fluorescent tag and the larger peptide without fluorescence.
Based on the difference of electrophoretic mobility of detectable substrate and product, they are easily separated. This robust CE/LIF method is thus propitious to characterize SPases and their interactions with potential inhibitors. In this article, this CE/LIF method has been used to perform various projects, such as study of enzyme kinetics, screening of enzyme inhibitors and quality control of the enzyme/substrate. In addition, the reaction conditions, such as pH, dimethyl sulfoxide (DMSO), urea concentration, and incubation time, were also studied and are discussed.
All solutions were degassed in an ultrasonic bath for 5 min and filtered through a 0.22-μm syringe filter (Ann Arbor, MI) prior to use.
The enzyme sample, a proprietary fluorescent-labeled substrate, and inhibitors were obtained from the anti-infective research project team at Procter & Gamble Pharmaceuticals.
Trizma (50 mmol/L) was prepared by dissolving Trizma crystal pre-set at pH 8.0 in water, and 50 mmol/L borate buffer was made with boric acid and titrated to pH 10.5 with 1.0 mol/L NaOH. Substrate working solutions at different concentrations were prepared by diluting the provided stock solution (86 mmol/L) with 50 mmol/L Trizma, pH 7.2, 6.0 mol/L urea, and 1.0 mmol/L EDTA. Both the enzyme and substrate were aliquoted to small volumes and stored at -70˚C before use.
The inhibitor working solutions were prepared by diluting the stock solution with 50 mmol/L Trizma at pH 8.0 to the final concentration of DMSO at 1.0% (v/v).
All the calibration standards were prepared by diluting this stock solution with the matrix used for the kinetic reaction.
The enzyme and substrate were taken out from the -70˚C freezer and thawed at room temperature for 10 -15 min prior to use. Then both the enzyme and substrate were diluted with 50 mmol/L Trizma to the expected concentrations. For kinetic study, a series of 10 μL of substrate at varying concentrations and 80 μL of 50 mmol/L Trizma, pH 8.0 were mixed first. Then, 10 μL of enzyme was added to the mixture; the final volume for each reaction was 100 μL. The contents were gently mixed with a vertex to start the reaction. For inhibitor screening study, 40 μL of each inhibitor and 5.0 μL of enzyme were mixed first for 5 min at room temperature. Then 5.0 μL of substrate was added to the mixture so the final volume is 100 μL, and the contents were gently mixed with a vertex to start the reaction.
Apparatus
All the CE experiments were performed on a Beckman (Fullerton, CA) P/ACE 5000 CE system equipped with a LIF detector (Laser module 488). Samples were injected from the anode side and detected on the cathode side (normal polarity). The separation was carried out by applying a 20 kV potential difference on a total length of 27 cm and an i.d. of 50 μm uncoated fused silica capillary (Polymicro Technologies Inc., Phoenix, AZ) with an effective length of 20 cm to the detection window.
LIF detection was done with the excitation wavelength at 488 nm and the emission wavelength at 520 nm for selective detection of generated fluorescence. The electropherograms were obtained by using the Beckman P/ACE Station software. The temperature of the capillary was controlled at 24˚C while the temperature of samples was at ambient. The injection time was 10 s at a pressure of 0.5 psi. The running buffer was 50 mmol/L borate buffer at pH 10.5. The capillary was washed between runs for 0.3 min with 0.1 mol/L NaOH followed by 0.3 min of running buffer using a high pressure of 20 psi.
The experiments of confirmation of peptide and reaction product were performed on a Finnigan LC/ESI/MS n system consisting of a Surveyor HPLC with quaternary gradient pumps and an autosampler coupled with a Finnigan LCQ Advantage ion-trap mass spectrometer (Thermo Electron, San Jose, CA). The substrate and product were processed through a C18 column (150 × 2.1 mm, 5 μm) without additional purification. The online MS analyses were carried out in negative ESI ionization mode. Spray voltage was 5.0 kV and ion transfer capillary temperature was 300˚C. Nitrogen was used as sheath and auxiliary gases with flow rates set at 35 and 5 units, respectively.
Results and Discussion

Effect of pH on enzyme activity
The enzyme activity is highly dependent on the electrolyte pH. To evaluate the preferred pH, we kept all reaction conditions the same except the pH, which we varied. Within the uniform reaction time, more product was generated in the pH range of 7.5 -8.5. It is clear that the SPase enzyme is most active in this range. Therefore, the electrolyte pH was fixed at 8.0 to optimize other parameters.
Separation and quantitation of the product
CE can quickly separate the peptide product from the substrate (Fig. 1) . The other product, a peptide (18 kDa), was not detected because it was not fluorescent.
The free fluorescent tag, F-5-M, was also separated from both the substrate and the product. F-5-M migrated right in the middle of the substrate and the product and would not affect the detection of either the product or the substrate. Since the substrate was almost F-5-M free, there was no F-5-M peak in most of the electropherograms. This separation was done at a relatively high pH (10.5) because we wanted to develop a method that could finish the run in a relatively short period of time. Figure 1 indicates that the product (2 kDa) peak came out in less than 1 min. It was ideal for continuous injection with short interval, as required in the enzyme kinetics study.
In order to confirm the structure of the detected peptide product, we had a pure fluorescent-labeled peptide having the same expected sequence synthesized. This synthesized standard along with the substrate and the product of the reaction were analyzed by both CE/LIF and HPLC/ESI/MS. By comparing 334 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 the migration patterns of the peptides, we confirmed that the synthesized peptide had the same electrophoretic behavior as our product. The MS data indicated that the molecular weight of this synthesized peptide matched our reaction product (Table 1) . With this confirmation, we can use the synthesized peptide as the standard to perform calibration and quantitation. Quantitation of the product formation can easily been done by integrating the product peak. The lower limit of detection (S/N ≥ 3) for the product peak was 1.0 nmol/L. A linear calibration curve based on the peak area of product (2 kDa) was obtained using calibration standards and was used to convert peak area to product concentrations.
Characterization of SPase enzymes
Since CE consumes only nano-liter volumes of sample, it is feasible to make consecutive injections from a small volume of reaction mixture without affecting the characteristics of the reaction. In the enzyme kinetic study, samples from a reaction mixture of about 100 μL were sequentially injected every 3 min. By monitoring the formation and increase of the product peptide fragment (2 kDa) as a function of time, a relationship between the peak area of the 2 kDa product and the time can be plotted, as shown in Fig. 2 . This time course can be affected by several parameters, such as substrate/enzyme ratio, specificity of the enzyme, reaction conditions, and the presence of inhibitors. Using the previously described calibration curve, the peak areas on the time course can be converted to concentrations of the product.
The initial reaction rate, which is the slope of the time course as expressed in the concentration of the product, can be measured from the time course. The data points collected at the beginning are almost linear. The slope of this linear curve is the initial rate of the reaction. Thus, by measuring the slopes of the reaction at different concentrations of the substrate, it is possible to obtain a relationship between the initial reaction rates and the initial substrate concentrations (Fig. 3) . This plot is equivalent to the plot from the Michaelis-Menten equation:
where Vmax is the maximum velocity of the reaction and Km is a characteristic parameter of the enzyme. Based on this curve, the Vmax and Km can be calculated by either fitting the curve to the Michaelis-Menten equation or by re-plotting the data using a Lineweaver-Burk plot.
The Vmax and Km values can be determined from the slopes and the intercepts of these plots. The Vmax and Km values of SPases enzyme from different sources determined from the Lineweaver-Burk plot are listed in Table 2 .
Quality control of enzyme/substrate
This CE/LIF method can be used for quality control of enzyme and/or substrate. For example, this method was successfully applied to compare the activities of SPase from different batches. Some of them have higher activities while others have lower ones. The method has been applied to evaluate the enzyme activity of a truncated segment of a SPase that was used for structure determination by crystallization. The result indicated that the truncated portion did retain most of the activity on the other side; this method can thus be used to evaluate the quality of the products.
Screening of enzyme inhibitors
The CE/LIF method was used to evaluate the potency of different inhibitors towards SPase. For example, the profiles of the time course of enzyme in the presence of five different inhibitors (PG 269594, PG 269596, PG 269599, PG 269601 and PG 269625) are shown in Fig. 4 . By comparing with the control, we see that all of them inhibited the reaction to different degrees. PG 269625 has the highest inhibition and PG 269601 has the least inhibitions. The other three compounds, PG 269599, PG 269596 and PG 269594, have moderate inhibitions. Figure 4 also indicates that the effect of different inhibitors can be viewed clearly after 15 min. Thus, by selecting 20 min as the comparison point, it is possible to quantitatively determine the degree of inhibition for different compounds. When the substrate concentration was increased, the inhibition efficiency was reduced. Furthermore, some of the inhibitors can only inhibit one special kind of SPase, while other inhibitors can inhibit more than one SPase. This is called cross reactivity. Table 3 lists the cross reactivity of several SPase inhibitors.
Effect of DMSO on enzyme activity
Since 1% (v/v) DMSO is used to store the inhibitors, in the screening assays, DMSO will be present in the system. A study was conducted to evaluate the effect of DMSO on the activity of SPase enzyme. All conditions remained uniform except the concentration of DMSO varied from 0 to 2%. There is no obvious change of product generated. The results indicated that DMSO had no significant effect on the activity of this enzyme in this range.
Effect of urea concentrations on enzyme activity
As mentioned above, urea was used in the storage of substrate stock solutions. Therefore, the determination of the reaction rate of the SPase enzyme at difference concentrations of urea was carried out and the results are shown in Fig. 5 . The reaction rates were measured for the first 10 min. Urea clearly inhibits the enzyme reaction at certain concentrations. The higher the concentration is, the more the inhibition. SPase enzyme totally lost its activity when the urea concentration was above 3 mol/L. However, when the urea concentration was below the 0.6 mol/L, there is slight or no inhibition. The final concentration of urea in substrate working solutions used in this paper was lower than 0.6 mol/L. Therefore, urea did not affect the enzyme activity significantly. Inhibition for SpsB, % Inhibition for HOSP, % Fig. 4 Comparison of the activity of five 100 mmol/L inhibitors to SpsB. The reaction conditions are described in Fig. 2 .
Comparison of FP and CE/LIF
CE/LIF method can give more accurate information while FP method is simply on or off. Therefore, it can be concluded based on the above results that the FP methods are more suited for the initial HTS assay while the CE/LIF is more suited for the second tier assay where more quantitive information is needed.
With the recent development in multiplexed CE system, it will be possible for the CE/LIF method to be used as the initial screening method as well.
Conclusions
A robust method of CZE combined with LIF was developed and applied for the characterization of several SPase enzymes and the evaluation of the potency of several inhibitors. The effects of various reaction conditions, such as pH, DMSO, and urea concentration, on the enzyme reaction were also studied. In addition, this CE/LIF method was also applied to determination of the enzyme activity, quality control of the substrate and/or enzymes, comparisons of enzyme from different sources or batches, and cross-reactivity of inhibitors to different enzymes. This method has several advantages over the fluorescence polarization (FP) method previously used for high throughput screening (HTS) assays by delivering faster, more sensitive, more quantitative, and more reliable results. It was proved that this method could be a potential substitution for certain compounds used for future high throughput screening assays. 
